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Abstract

The residual stresses due to the difference in thermal expansion between ceramic and metal is a significant parameter to control during the fabrication
of ceramics/metal joint. In this work, residual stress distribution, after solid state bonding of different joints, was measured using X-ray diffraction
(XRD) and Vickers Indentation Fracture (VIF) methods. Tensile stress concentration in alumina caused by the thermal expansion mismatch in
the Al,O3/Ni/Ni alloy (HAYNES® 214™) joint severely deteriorated the assembly and caused cracks in alumina. To solve this problem, this
paper shows that the use of a Cu/Ni/Cu multi-layer, associated with the direct copper bonding method (DCB), by pre-oxidation of copper, reduces
significantly the tensile residual stresses in alumina material. Consequently, this process offers the possibility of producing an interlayer with a

high melting temperature and hence joints which can withstand high-temperatures.

© 2012 Elsevier Ltd. All rights reserved.

Keywords: Joining; Interface; Toughness; Residual stress; Al,O3

1. Introduction

The realization of metal-ceramic joints is often unavoid-
able, both for research of contradictory use properties and
resolution of technological difficulties.!~!> The performance of
the bonded material is often influenced and controlled by the
ceramic—metal interface properties (mechanical, electrical, mag-
netic and chemical).®~!? Till now, several techniques for joining
ceramics to metals have been developed.'3-2* Every technology
has its advantages and disadvantages.?

In this study, we have used the classic solid state bonding
process, #1122 with insertion of an metal interlayer, associ-
ated or not with the direct copper bonding technique (DCB).?!
The interlayer can reduce cracking, relax the thermal residual
stress and improve the joining strength. However, making a
metal—ceramic joint involves inevitably residual stresses when
the bonded assembly cools from the joining temperature to
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room temperature. These stresses influence the strength and
fracture energy of the bond.>>?* The stress field depends on
many factors, e.g. elastic and plastic properties of materials to
be joined as a function of temperature, thermal expansion coef-
ficients, geometric design®? of the assembly. Numerous works
are available to measure residual stresses by neutron!2027 or
X-ray diffractions (XRD)?%2° or other less precise methods
including Vickers Indentation Fracture (VIF) method!?® and
removal layer techniques.?® In parallel, a variety of analytical
and numerical models were developed to understand and opti-
mize the residual stress state in metal—ceramics joints.3%3! But
rarely were they compared to experimental measurements, with
results of classical XRD and indentation fracture methods. The
most complete comparison was made by Guipont.?

Recently,1 we calculated (FEM) and measured (XRD, VIF)
the residual stress distribution in alumina/Ni/alumina and alu-
mina/Ni/nickel alloy systems.! The principal conclusions can
be summarized as follows:

- The results of the three employed methods (FEM, XRD and
VIF) show that the highest tensile stress is concentrated at
the boundary of the outer surface of the joint, and it will
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Fig. 1. Schematic illustration of a Al,O3/HAYNES® 214™ joint (a) with Ni interlayer and (b) with Cu; O—Cu/Ni/Cu interlayer.

cause cracks in alumina layer only in the case of dissimilar
AlL,O3/Ni/HAYNES® 214™ ponds, because the maximum
residual tensile stress of Al,O3/Ni/Al,O3 specimen was lower
than that of the Al;O3/Ni/HAYNES® 214™ gpecimen.

- FEM and X-ray results are in rather good agreement, know-
ing that certain phenomena, such as grain boundary diffusion
of nickel in alumina, are not taken into account. The inden-
tation method seems to over-estimate the stresses, but takes
into account the fall of ceramics properties (in particular their
toughness) close to the interface, which is not taken into
account in FEM and XRD.

To minimize the stresses in the Al,O3/Ni/HAYNES® 214™
system, we propose to replace the nickel foil by a Ni—-Cu-Ni
multi-layer. Moreover the choice of copper will allow us to
use DCB (or gas—metal eutectic) method?!32-35 and, in conse-
quence, of working in brazing condition, i.e. with a weak applied
pressure during the bonding.

DCB method is based on a binary eutectic system>° to join
alloys and ceramics. An interlayer is required to form a liquid
eutectic phase and wet ceramics at high temperature. The joint
is formed through inter-diffusion between interlayer and parent
materials. The relation between wetting behavior and bonding
adhesion in Al,O3/Cu interfaces has attracted interest in the
literature.3”-38 Between 1065 °C and 1085 °C, copper reacts with
oxygen on the surface of the ceramic to form a liquid eutectic
[Cu—O]. The liquid phase wets ceramics, eliminates the holes at
interface and accelerates the bonding. The excellent wetting of
Al,O3 by the [Cu—O] liquid followed by the growth of reaction
product (CuAl,Oy4, or CuAlOy), respectively due to the reaction
between CuO and Cu,0 and Al,O3, explains the good strength
of DCB bonds.?**! Compared with solid state bonding, during
DCB, the movement of atoms in liquid is quicker, so joining
time and pressures are reduced.

The residual stress distribution was measured by X-ray
diffraction and indentation fracture methods (VIF) and com-
pared for both systems containing Ni and Cu/Ni/Cu interlayer. In
parallel, the interfacial fracture energy and the metal-ceramics
fracture strength are determined in order to confirm the role of

the residual stresses on the mechanical strength of the assem-
blies.

2. Experimental procedure
2.1. Materials

As in the previous study,' the ceramic material used in this
work is a commercial polycrystalline a-Al,O3 (AL23 alumina),
from UMICORE Marketing services. The alloy is the nickel
super alloy HAYNES® 214™ (75% Ni, 16% Cr, 4.5% Al,
3% Fe), which is widely used in technological applications
at high temperatures and in severe chemical atmosphere such
as that encountered in industrial heating market (petrochemi-
cal, etc.). Both base material blocks were machined into small
pieces with the dimension of 15 x5 x 5mm? (Fig. 1). The
metal foils used as filler materials were commercially available
and the pure metals or the foils were of high purity. Both Ni
and Cu foils were prepared by cold rolling down to a thick-
ness of 200 wm and 100 pm, respectively and had the same
dimensions of material blocks. In order to show the influence of
the ceramic/metal thickness ratio on the fracture energy, other
specific samples were used for “delamination” bending tests
(Fig. 2b). Table 1 shows the main characteristics of the metal
foils.

To favor “mechanical adhesion”, prior bonding, the faying
surfaces of HAYNES® 214™ and alumina were machined to
obtain surface roughness equal to 0.08 and 0.48 wm, respec-
tively. After machining, all base materials were ultrasonically
cleaned in acetone for 30 min, and then blown dry with a heat
gun. Cleaned alumina substrate were placed in a high-purity alu-
mina crucible, covered, and then annealed in air at 950 °C for 5h
to completely remove residual organic surface contaminants.

2.2. Bonding processes

After drying in hot air, the base material blocks and the
interlayer foils were prepared as block/foil/block sandwiched
assembly (Fig. 1). Bonding was achieved in vacuum (10_3 Pa).
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Table 1
Characteristics and properties of the metal foils.

Metal Purity (%) Melting point Linear exp.coeff. at 0-100°C (K~ 1y Young’s modulus (GPa)
Ni 99.5 1453 13.1x107° 205
Cu 99.9 1083 17.0 x 107° 129.8

2 Linear expansion coefficient of alumina and HAYNES® 214™ are 8.1 x 1076 and 13.3 x 107, respectively.

For Al,O3/Ni/HAYNES® 214™ gystem the temperature was
ramped to 1150 °C at 200 °C/h, maintained at 1150 °C for 1h,
and then ramped down to room temperature at 150 °C/h (Fig. 1).
During this cycle, a pressure of 16 MPa was applied through a
pneumatic piston during the entire cycle.> The experimental
conditions were selected taking into account previous stud-
ies for the systems Al,O3/Ni/Al,O3 and AlLO3/Ni/HAYNES®
214TM 1,4,2542,43

These conditions correspond to an optimization of the
mechanical properties of the assembly taking into account the
parameters of solid-state-bonding (temperature, pressure and
time, geometries of the interlayer (ratio thickness/width) and
of the system ceramic/alloy, residual stresses, etc.).l’4

For Al,O3/Cu-Ni—-Cu/HAYNES® 214™ gystem, the pro-
cess was as follows: firstly, copper foils (100 pum thick) are
polished with a 6 wm diamond paste, and oxidized under low
oxygen pressure (1073 Pa) at 950°C for 0.5h to obtain a
superficial adherent Cu;0 film.*1*3 Cu,0 is removed from
one of the copper faces in contact with nickel. Thus obtained
CuO—Cu/Ni/Cu multilayer, was placed between the alu-
mina and HAYNES® 214™ gubstrates, checked for good
metal-ceramic contact (Fig. 1). Secondly, the parts were heated
in a tube furnace in the temperature of 1075 °C at 200 °C/h,

X ) z

Fig. 2. Schematic of the mechanical test and geometry adapted to the test: (a)
mechanical shear test and (b) Four-point ‘delamination’ bending test.

maintained at 1075 °C for 10 min, and then ramped down to
room temperature at 150 °C/h. During this cycle, the vacuum in
the furnace was maintained at 10~ Pa. A minimum low pressure
of 1 MPa was applied on the assembly during the entire cycle. In
the temperature range of 1065-1083 °C a liquid eutectic phase
appears at the CupO—Cu interface; its amount can be controlled
by careful regulation of oxide growth on the copper foil. This
thin molten film produces an intimate contact between copper
and alumina and generates, after cooling, a strong bond between
the two materials.

The different bonding conditions are summarized in Table 2.

2.3. Characterization techniques

2.3.1. SEM/EDS

After bonding, the interfacial regions and the fracture sur-
faces of ceramic/metal joints were observed and analyzed by
Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS), in order to evaluate the morphology and
microchemistry of the interfaces and diffusion phenomena. Line
scans were conducted perpendicular to the interface. The beam
size is typically on the order of 1 wm, and a typical detection
limit is <1 at.%, and thus, we anticipated that this method might
provide information on the extent of homogenization achieved
during the bonding cycle.

2.3.2. Mechanical tests

The fracture strength of the joint at room temperature was
evaluated using shear test (Fig. 2a). In order to ensure greater
accuracy three samples were tested for each joining condition.
Shear strength measurements were performed using an Adamel
DY25 testing machine (Fig. 2a). The testing was carried out at the
constant crosshead speed of 0.1 mm/min, and the strength was
calculated by the load at break divided by the nominal area of the
joint. Even if a pure shear stress field does not necessarily occur
in this testing technique, it is, nonetheless, a suitable means for
comparative evaluations. The fracture energy of the assembly is
measured using a four-point “delamination” bending test.** The
sample was mounted on a device which was set up on an Adamel
DY?25 tensile-compression machine. Sample dimensions were
60 x 5 mm? (Fig. 2b). A thin notch was machined in the median
cross section of all the ceramic thickness to serve as crack initia-
tion (Fig. 2b). In order to follow the initiation and the propagation
of the interfacial crack, a polished longitudinal side plane of
the sample was observed during the test using a magnifying
glass. The inner and outer spans were 20 and 40 mm, respec-
tively and the loading rate was 0.1 mm/min. The phase angle
for this geometry was ~44°. Interface cracks in the as-bonded
specimens were propagated in steady-state regime. According
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Table 2

Experimental conditions for the joining of alumina with HAYNES® 214™ for different metallic foils (Ni and Cuy O—Cu/Ni/Cu).

System Temperature (°C) Time (h) Cinterlayer (M) Pressure (MPa) Vacuum (Pa)
Al O3/Ni/HAYNES® 214™ 1150 1 200 16 1073
Al,O3/Cu/Ni/Cu/HAYNES® 214™ 1075 0.5 100-200—100 1 1073

Diffracted beam

Incident beam

Fig. 3. Schematic representation of the specimen for XRD measurements.

to this geometry, fracture energy can be measured directly by the
estimation of the energy dissipated rate Gic, which is calculated

The peak positions were determined with commercial software
using a pseudo Voight function to fit the data. The peak position
was plotted as a function of sin> ¥ to evidence shear stresses
and data scatter. Finally, the strain and stresses were calculated.

2.3.4. Vickers Indentation Fracture (VIF) method

The indentation method is a standard method for the deter-
mination of the critical stress intensity factor Kjc (see, e.g.
Refs.1,46 for advantage and disadvantage of VIF method). This
method was adopted because it can be used on small samples
and small size of the analysis area (local analysis). For our study,
this method will therefore measure very close to the interface.
The residual stress of the joints was also evaluated by indenta-
tion method. Based on the calculation of the difference between
the lengths of cracks observed induced by indentations for the
same ceramic before and after joining.*® A Vickers indenter was
impressed at several points in the ceramics at different distances
from the interface on the edge of the joint (line 1 — Fig. 3). In the

. e 44.4 -
USII\I{‘;{. ]iuler—Ber nouilli theory**** as following: present investigation, the tests were conducted at a load of 300 g
1th:
3 P22(1 —13) 1 A
GIC:§ E-h3b2 37 3 3 2 —1 @)
2h°b (ho/hY’>  ((hi/h) + A(ha/h)’ + 3A(hihy/ h2)((h1/R) + A(h2/h)))
1— 2
h= M) 2)

2(E(1—1)

where P is the first fracture or delamination strength; E> is the Ni
alloy Young’s modulus; E7 is the ceramic Young’s modulus; v; is
the Ni alloy Poisson’s ratio; vy is the ceramic Poisson’s ratio; s,
is the Ni alloy thickness; /7 is the ceramic thickness; h=hy + hy;
b is the sample width; [ is the distance between internal and
external alumina blocks.

2.3.3. X-ray diffraction method (XRD)

In order to estimate the magnitude and distribution of the
residual stresses in the joints, X-ray diffraction method was used.
Residual stress measurements were carried out using the sin? ¥
method with ¥ goniometer (Dosophatex) and INEL software
equipments, at 30kV, 30mA.! The size of the collimated X-ray
beam (CrKy) for residual stress measurement was @800 pm.
Measurements were performed with the (3 00) peak of alumina
at 20 =113°. The experimental conditions are identical to those
previously used.! The different specimens were scanned along
two different directions (L1 and L2 in Fig. 3) perpendicular to
the metal—ceramics interface. L1-line was at the free end of the
specimen, and L2-line was located in the centre of the specimen
(Fig. 3). This choice was made taking into account the mapping
of complex stress fields calculated previously by FEA! for the
system Al,O3/Ni/HAYNES® 214™ . L1 is an area of particu-
larly high tensile stresses, while L2 is an area of softer stresses.

with a loading duration of 15 s every 50 wm, in staggered, from
the metal—ceramic interface to ceramic bulk. A Vickers indent
may produce two types of cracks, i.e. a system of median cracks
and system of Plamgqvist cracks. Liang et al.*® have proposed a
unified formula which enables the determination of toughness
(Kjc) in both cases of median and Palmqvist’s fracture modes.
The formula is claimed for the use of any load during indentation
test:

H. a1/2 E(p 0.4 C (C/18a)—1.51
Kic = — () () 3)
o H, a

Where

4
a=14[1_8(4”‘°‘5” @
1—v

where a and 2C are respectively the half-diagonal length of the
indent and the average length of radial cracks produced by inden-
tation (see Fig. 4), ¢ is a constant stress factor ~ 3, v is Poisson’s
ratio, Hy is the hardness and E is the Young’s modulus of the
material.

In addition, the residual stress in ceramics can be calculated

by using the following equation*’:
K 3/2
o= Kic | (Co )
(rC2)'/? C
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Fig. 4. Indentation fracture method, where 2a is the indent diagonal and 2C is
the total length of the radial crack. For residual stress calculation (oyy) we take
into account only the crack length parallel to the interface.

where Kjc is the substrate toughness, 2Cy is the average length
of radial cracks before joining, 2C is the average length of radial
cracks parallel to metal-ceramics interface and 2 is a constant
depending on crack geometry (£2=4/w?). In this case where
C< (o, o, is negative and the stresses are compressive.

3. Results and discussion
3.1. Interfacial microstructure

3.1.1. Al,O3/Ni/Haynes® 214™ system

The microstructure and microchemistry of polished cross-
section of Al,O3/Ni/HAYNES® 214™ joint are shown in Fig. 5.
The Ni foil adheres to the ceramic and fills up the pores in
the surface. The presence of Ni inside the alumina pores was
detected up to a depth of about 10 wm from the interface. The
uniaxial applied pressure (16 MPa) was responsible for slight
decrease in metal layer thickness. Reaction between Ni and
Al>O3 strongly depends on temperature, time and atmosphere.
Under the adopted experimental conditions chemical reactions
are likely to occur between the Ni and Al;O3. The cross sec-
tion of the Al,O3/Ni interface formed by diffusion bonding

HAYNES®214™

f

DET: SE Detector T Y

100 um

Fig. 5. Sample Al,O3/Ni/HAYNES® 214™ (1150°C for 1h; 16 MPa pres-
sure): SEM image of polished cross-section perpendicular to the Ni-Al,O3
interface.
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Fig. 6. GIXRD patterns of high purity alumina bonding area collected at an
incidence angle of 5° (kg Cu).

at 1150°C for 1h, using a 0.2 mm interlayer, is characterized
by EDS microanalysis and Grazing incidence X-ray diffraction
(GIXRD). The GIXRD patterns collected at an incidence angle
of 5° are shown in Fig. 6. The spinel NiAl,O4 has been found
as an interface suggests the oxygen activity in the system is
relatively high. Numerous studies have analyzed the AlO3—Ni
system both experimentally and thermodynamically. The spinel
NiAl;O4 has often been found as an interphase. The reaction
mechanism generally suggested for its formation involves a NiO

intermediate*®:
Al,O3 +NiO = NiAlL,Oq4 6)
With  an  associated free energy change of

AG=—-6000—9.5T (Jmol 1.8

From thermodynamic point of view the oxidation of Ni is
related to the low level of vacuum (1073 Pa) inside the furnace
or to the oxygen dissolved in Ni.

3.1.2. A,O3/CuyO-Cu—Ni—Cu/HAYNES® 214™ system

Multiple microprobe scans were performed on the samples,
and information on the aluminum, oxygen, copper and nickel
concentrations were obtained. The scan indicates three regions:
(1) alumina, (2) the interlayer, and (3) Ni-based super-alloy
(HAYNES™ 214%) (Figs. 7 and 8). In the alumina, the Al/O
ratio is as expected for Al,O3. The presence of Cu inside the
alumina pores was detected up to a depth of about 10 wm from
the interface. Within the interlayer, the aluminium and oxy-
gen contents are very low or below detection limits. Within a
region, 5—10 pm thick. The Cu in the Cu—Ni interface is about
40 at.% and decrease as the centre of the interlayer. The condi-
tions used for pre-oxidation of copper, identical to our previous
studies,*!*3 lead to the growth of Cu;0 in accordance with the
thermodynamic data*® indicating that oxidation of copper to
Cuy0 at 1000 °C is expected when the copper activity exceeds
4%. Quantitative analysis by EDX has revealed the growth,
in the copper zone, of a spheroidale phase identified as Cu,O
(Fig. 8). The formation of the Cu—O liquid eutectic is thus con-
firmed, because the eutectic is transformed in a two-phase zone
Cu—Cu, O after solidification.

The pre-oxidized copper thickness, near alumina is reduced
after bonding (~70 pm thick; initial thickness about 100 pm)
because part of the interlayer fills very well the porosity and
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Fig. 7. Sample Al>03/Cuy O-Cu/Ni/Cu/HAYNES® 214™ (1075°C for 0.5h; 1 MPa pressure): (a) SEM image of polished cross-section perpendicular to the

interfaces, (b) Al,03/Cu—Cu,O interface, and (c) CW/HAYNES® 214™ interface.

roughness of the ceramic due to fusion of the “copper—oxygen
eutectic”.50 This thinning, due to partial fusion, is more
significant than that observed for copper interlayer near the
HAYNES™ 214® (~90 um thick — initial thickness about
100 wm), only due to copper creep. While in the nickel, the
decrease from 200 pm to about 180 wm is also related to creep
effect.

Because we have worked in the same experimental conditions
as Courbiere*! and Kara-Slimane*? we suppose that CuAlO; is
likely present in the Cu—Cu,O/Al,O3 interface. Also, the pres-
ence of CuAlO, induces higher bond strengths**° than those
of interfaces that do not contain CuAlO;. The good adhesion,
obtained in this sample, can be correlated not only with the good
wet-ability of Cu—O liquid eutectic, present at the beginning of
brazing (DCB)*!'* but also with the deformability of CuA10,.#!

3.2. Residual stresses

The residual stress (oyy), along which the interface of the joint
peels or cracks, is mainly discussed because this stress (oyy) is
considered to influence the strength of the joint. Tension stress
concentration near the specimen edge can cause fracture within
the ceramics, in the case of strongly bonded systems, or delami-
nation at the interface, for weakly bonded systems. oyy governs

100 -
: Ni
;
0 eV , f,/—"“”q LA
6 N| ‘/ |
0\ 50 :
= w0
S
30
20 |
10 —~»~fv——1 W
0 ‘ l |
I
100pum
—

the fracture mode I of energy release rate. The second significant
stress is the shear stress (oxy). This latter, in combination with
the tensile stresses that are present, can induce fracturing along
the ceramic—metal interface. It governs the mode II of energy
release rate.

3.2.1. X-ray stress measurements

As an example Fig. 9a shows the feature of the vari-
ous peaks of alumina recorded for ¥ =-50° to +50° and
Fig. 9b and c are examples of &,y = f(sin® {), in alumina after
assembly. It will be noted that far from Al,O3/Ni interface
(1 mm <d <4 mm), the elliptic form is well observed, sign of
a homogeneous and isotropic material, which validates values
of stresses deduced from measurements (Fig. 9b). Contrariwise,
close to the Al,O3/Ni interface (0.5 mm <d <1 mm) (Fig. 9¢c),
we observe no regular form of g,y = f(sin® ) that synonym of
local anysotropic residual stress (residual stress gradient) and,
as a result, of flawed measures.

X-ray stress is estimated on the alumina side along two lines
perpendicular to the interface, located at two different distances
from the free surface: one passing through the center of the
sample (L2) and the other near the edge (L1) (see Fig. 3).

Both the shear stress (oxy) (Fig. 10) and the axial (perpen-
dicular) stress (oyy) (Fig. 11) data are shown, along with errors

Fig. 8. Chemical profile in the interlayer of an as-bonded simple as determined by EDS. Substantial penetration of copper into nickel is indicated.
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Fig. 9. (a) 6 — 26 XRD pattern of Al,O3 (300) at diferentes v angles for Al,03/Ni/HAYNES® 214™ joint. Example of &,y = f(sin2 ) plots and (b) far to the
interface (1 mm < d <4 mm), no residual stress gradient observed. (c) Near to the interface (0.5 mm < d < 1 mm), residual stress gradients were observed.

estimated from standard deviations of the least squares fitting of
the recorded diffraction profiles. For the two studied systems the
shape of the curves is qualitatively similar except in the case of
the shear stress oy at the vicinity of the interface (L1) (Fig. 10a).
This later (shear stress oxy) is in tensile stress in the case of Ni
interlayer and in compressive stress in the case of Cu interlayer.
These compressive stresses show that the use of Cu—Ni multi-
layer is favorable. However, at the center (L2), the shear stresses
(oxy) appeared to be close to zero or compressive (Fig. 10b).
The axial stress (oyy) appeared to be compressive stress at
the center (L2) (Fig. 11b), near the interface, and become negli-
gible in the ceramic bulk. It was favorable to the metal-ceramic
bond, and it could be regarded as one part of the bond
strength of metal-ceramic. At the edge of the assembly (L1),
strong tensile stresses were measured. Their magnitude roughly
decreases with the distance to the interface and becomes
almost constantly zero (Figs. 11a and b). It will however be
noted the beneficial effect of the multilayer Cu—Ni—Cu since
the residual stresses in the Al,O3/Ni/HAYNES® 214™ Sys-
tem, at 0.5 mm from interface is 201 =53 MPa, whereas for
Al>O3/Cu-Ni—Cu/HAYNES® 214™ gystem the stresses are

reduced to 107 &= 32 MPa, i.e. close to those measured for the
Al,O3/Ni/Al,O3 system (108 +53).! This result indicates a
higher probability of failure produced by a thermo-mechanical
loading. Note that these stress measurements are qualitatively
in agreement with the finite element (FEA) calculations which
are detailed in our previous paper.! We note in particular that
the free edge of the sample (corresponding to L1) is particularly
stressed, in tension.

3.2.2. Vickers Indentation Fracture method

Vickers indentations (applied load 3N) were performed
in alumina from the metal ceramic interface to the
ceramic bulk for both AlLO3/Ni/HAYNES® 214™ and
Al O3/Cu-Ni—Cu/HAYNES® 214™ joints. The variation of
apparent-toughness of alumina after bonding versus distance
from interface was identified near the free edge (L1). Seeing
that the stress values are lower along L2, we limited the VIF
analysis in the more critical direction L1. Fig. 12a shows a
decrease in the ceramic apparent-toughness near the interface.
For Al,O3/Ni/HAYNES® 214™ joints, the alumina tough-
ness drops from 5.8 & 0.4 MPam'/? before bonding, to about
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Fig. 10. The residual shear stress (oxy) distribution (XRD measurements) on
the alumina ceramic close to the interface for both Al,O3/Ni/HAYNES® 214™
and Al,03/Cu, O-Cu/Ni/Cu/HAYNES® 214™ joints (d=0.5mm). (a) L1 and
(b) L2.

3.9+ 0.4 MPam!”? at 50 pwm from the interface, while, for
Aly03/Cu-Ni—Cu/HAYNES® 214™ joints, Kic only drops to
about 4.5+0.2MPam!? at 50 um from the interface. This
decrease in apparent-toughness already was observed for many
metal—ceramics systems®' 3 but not yet fully understood. It
seems to be related to residual stresses and to diffusion of metal-
lic specie, particularly along grain boundaries®' (but note that
the diffusion also leads to stresses in the crystal lattice and grain
boundaries!). According to our previous diffusion studies by
SIMS>? (in particular for copper in alumina), diffusion from a
thin metallic layer is observed and alumina toughness was low-
ered by the diffusion of metallic elements. This fall is about
2MPam!? for the diffusion of copper, so relatively close to
what we see here. The effect of diffusion is thus significant and
can be superimposed on thermo-mechanical stresses due to the
bonding.

Conversely, an increase in toughness is observed in both sys-
tems, from 100 wm from the interface up to 250 um (Fig. 12a).
These distances are greater than the penetration by diffusion
along grain boundaries.”>> Other independent measurements
show that the properties of alumina are strongly modified, from
the metal—ceramic interface to over 250 wm, namely:

- In terms of dielectric properties,”* from 0 to 50 wm, where the
toughness is very low, the ability to trap electric charges, in
alumina is high; on the other hand, in the area of toughening
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Fig. 11. The residual stress (oyy) distribution (XRD measurements) on the alu-
mina ceramic close to the interface for both Al,O3/Ni/HAYNES® 214™ and
Al,03/Cuy O—Cu/Ni/Cu/HAYNES® 214™ joints (d=0.5mm) (a) L1 and (b)
L2.

(100-250 pwm), diffusion of electric charges is significant and
local trapping is low.

- As noted above, the curves gyy = f(sin” ¥) are abnormal in
the toughening zone, which corresponds to a strong gradient
of properties and, therefore the stress measurements contain
errors.

Thus this toughening can be due to the stress field evolu-
tion, which may induce possibly a micro-cracking. In fact, both
stresses and micro-cracking are favorable to diffusion of electric
charges.

Fig. 12b shows the residual stresses estimation, in both
joints, by using relation (5): near the interface, the residual
stresses in AlyO3/Ni/HAYNES® 214™ joint are higher than
for Al03/Cu-Ni-Cu/HAYNES® 214™  but the general trend
observed for the two systems as function of the distance to
the interface is similar. A strong variation of oyy is observed:
i.e. stress decreases from +318 £34 (near to the interface,
~20 pm) to —140 &35 (far from the interface, ~400 wm) for
AL O3/Ni/HAYNES® 214™ joint and from +245+22MPa
(near to the interface, ~20 wm) to —100 & 12 MPa (far from
the interface, ~400 pum) for Al,03/Cu-Ni—-Cu/HAYNES®
214™,
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3.2.3. Comparison VIF-XRD

Fig. 13 shows comparison of the results obtained for the
residual stress distributions on the alumina ceramic near to the
interface as given by two different methods; Vickers Indentation
Fracture (VIF) method and X-ray diffraction method. In the case
of Al,03/Cu-Ni—-Cu/HAYNES® 214™ gystem, both meth-
ods show qualitatively that residual stresses (oyy) were mainly

—e— X-ray diffraction method (Al,O /Ni/Haynes)
4— X-ray diffraction method (ALO /Cu-Ni/Haynes)
—v— Indentation Fracture Method (AIZOJF?_:-N ilHaynes)
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Fig. 13. Comparison of the results obtained for the residual stress distributions
on the alumina ceramic near to the interface as given by two different methods;
Vickers Indentation Fracture (VIF) method and X-ray diffraction through the
L1.

tensile and the maximum was in the vicinity of the Cu—Ni/Al;O3
interface. After, pass from tension to compression (~1.5 mm
from interface) and becomes almost constantly null far to the
interface (>2.5 mm). In the case of Al,O3/Ni/HAYNES® 214™
system, the comparison is more difficult. Several reasons may
explain these differences, namely:

- All measurements of stresses (or more accurately estimates)
are indirect, for example, deformations are measured to esti-
mate stresses, using assumptions more or less verified. Both
techniques are no exception to this general remark.

- XRD can not measure stresses near the interface, since the
first measurements are performed at 0.5 mm from the interface
due to limited spatial resolution of the technique (~800 pm)
and moreover, the measures are flawed below 1 mm, due to a
complex stress field, as reported previously. The XRD estimate
does not account for the strong evolution of the properties of
ceramics in the vicinity of the interface, as demonstrated by
both toughness and dielectric measurements. It is the same for
finite element calculation.'

- Conversely, the estimated VIF stresses, from the toughness
measurements, are very much dependent on them and there-
fore, have to be analyzed carefully. The VIF method, therefore,
provides data in areas where the XRD measurements are inef-
fective: thus, the effect of the nickel diffusion in alumina on
residual stresses cannot be identified.

Thus, these observations show the difficulty of measuring or
calculating residual stresses in areas where the stress field is
complex, with strong properties and stresses gradients, as is the
case along the line L1, near the free edges of the assembly.

3.3. Mechanical testing

For AlO3/Ni/HAYNES® 214™ gystem, after cooling from
the bonding temperature, it is important to recall that, in some
cases, the residual stresses typically cause cracking in the alu-
mina ceramic* (Fig. 14). The perimeter crack initiates at some
distance from the interface depending on the distribution and
magnitude of residual stresses in each joint. On the other hand,
in the case of Aly03/Cu-Ni—Cu/HAYNES® 214™ joint, no
cracks were observed after cooling.

3.3.1. Shear testing

The shear test specimens were prepared following the pro-
cedures described in Section 2.3. Results shown in Table 3
represent average shear strength data for joined samples for
different interlayer thickness. For Al,O3/Ni/HAYNES® 214™
joints the shear strength ranges from 11 to 35 MPa and are mod-
est compared to those of the Al,O3/Ni/Al,O3 joining.! The
main difference between the mechanical behavior of both joints
cited above are explained by the residual thermal stresses due to
the CTE mismatch which magnitude depending on geometrical
parameter shape which in certain case creates the critical defects
such as perimeter crack or un-bonded zones at the interface sim-
ilar to those shown in Fig. 14. The fractographic observations of
the shear specimens confirmed that the crack is initiated close to



2262 M_.L. Hattali et al. / Journal of the European Ceramic Society 32 (2012) 2253-2265

Table 3
Effect of Ni and Cu interlayers thickness on strength of both Al 03/Cuy O-Cu/Ni/Cu/HAYNES® 214™ and Al,03/Ni/HAYNES® 214™ joints under shear test
loading.
Joint* Shear strength (MPa) Ni thickness (mm) Cu thickness (mm)
Al O3/Ni/HAYNES® 214™ 11 +3 0.1 -

25+2 0.2 -

28 +2 0.3 -

35+ 4 0.5 -
Al,03/Cuy O-Cu/Ni/Cu/HAYNES® 214™ 82+6 0.1 0.1

68 + 5 0.2 0.1

For all cases, R’ =Ec/Ea= 1, ratio between the thickness of the ceramics and the thickness of the alloy (Ea=5 mm).

the free edge of the sample, on defects located in the Ni/Al,O3
interface and then changes its direction, and propagates into the
ceramics bulk, near the interface, with a “crack-interface” angle,
equal to about 40° corresponding approximately to the direction
of the maximal tensile stress determined by FEA.4

AL O3/Ni/HAYNES®  214™  samples show  poor
mechanical strength when compared with Al,O3/
CuyO-Cu-Ni-Cuw/HAYNES® 214™ (Table 3). The aver-
age strength of this later was significantly higher than that of
joints with a single Ni interlayer. As a result of observation of
the fracture surface, the crack occurred in the ceramic along
path that was extremely close to the interface (~10 pm).

These results are consistent with our measurements of resid-
ual stresses since the stress components most significant in
fracture of ceramic—metal joints are the tensile and shear stresses
at the free edge.

3.3.2. Four-point ‘delamination’ bending test

Strength measurements of ceramic—metal joints are impor-
tant to provide information on the mechanical integrity of the
joints. In this context, some bend tests (delamination) at ambi-
ent temperature were conducted on the Al,O3/Ni/HAYNES®
214™ and Al,03/CuyO-Cu/Ni/Cu/HAYNES® 214™ joints.
During fracture tests, the applied displacement and the corre-
sponding load values were recorded. Fig. 15 shows a typical

e L P \" Al

Fig. 14. Crack propagation in alumina ceramic in the Al,O3/Ni/HAYNES®
214™ gystem alter joining process.

relationship between the load P and displacement u in the case of
Aly03/Cuy O—Cu/Ni/Cu/HAYNES® 214™ joints. Several steps
are indicated and described as follows:

(a) the load increased proportionally to displacement; in this
stage, no crack propagation occurs and the crack opening at
the centre is very small;

(b) the interfacial delamination occurred on one side of the sam-
ple and a load plateau is observed. The left side of the
crack propagates while the right side of the crack did not
propagate. This situation of asymmetrical crack growth was
clearly visible on the specimen;

(c) the load again increases proportional to the displacement.
Compared to the region (a), the compliance of the sample
increased, due to the previous crack growth event;

(d) asecondload plateau occurred, which corresponds to a crack
growth along the right side. The opening of both cracks
is similar. Segmentation cracks and micro-cracks appeared
along the CuyO/Al,O3 interface and on the top of alumina
surface. Thus, the alumina (Al,O3) still adhere to the sub-
strate (HAYNES® 214™).

(e) finally, the sample compliance has increased further due to
the additional crack growth along the right side.

For Al,O3/Ni/HAYNES® 214™ joints the same steps
are observed but in the zone (d), in spite of its separation
from Ni foil, the alumina are still compact (i.e. no micro-
cracks appeared on Ni/Al,O3 interface or on alumina surface
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Fig. 15. Typical load—time curve in the four-point bending test for the
Al,03/Cuy O-Cu/Ni/Cu/HAYNES® 214™ joints.
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Table 4

2263

Critical interfacial fracture energy for both Al>03/Cuy O-Cu/Ni/Cu/HAYNES® 214™ and Al,O3/Ni/HAYNES® 214™ joints under mixed-mode loading (delami-

nation bending test).

Joint Al O3 thickness (mm) Experimental conditions® Gic (J/m?)
Al,O3/Ni/HAYNES® 214™ 0.381 R =0.08 0
0.635 R =0.13 1.54+0.5
Al,03/Cu-Ni—-Cu/HAYNES® 214™ 0.381 R =0.08 122438
0.635 R =0.13 89+ 12

@ R’ =Ec/Ea, ratio between the thickness of the ceramics and the thickness of the alloy (Ea=5 mm). Ni interlayer thickness is 0.2 mm and Cu interlayer thickness

is 0.1 mm.

top). All the Al03/CuyO-Cu/Ni/Cu/HAYNES® 214™ and
AlLO3/Ni/HAYNES® 214™ specimens broke with a non-linear
curve “load—deflexion”, at the ceramic—metal interface. The
presence of this effect could be due to the thickness of the metal
(metal foils + HAYNES® 214™ alloy ~5.3 mm).

For Cu/Ni/Cu interlayer, the ceramic side of the fracture sur-
face at the interface between Al,O3 and Ni shows that Al,O3
contains some small particles (about 2—8 pum) of Cuy0O. On the
metal side, some Al,O3 grains are attached to copper.

In Table 4, the mean values and the standard deviations
of fracture energy are reported. Sample Al,O3/Ni/HAYNES®
214™ shows poor mechanical strength when compared with
Al>03/Cu O-Cu/Ni/Cu/HAYNES® 214™ This high value
of fracture strength and the corresponding energy (122 J/m?)
obtained for this system induce good mechanical adhesion cor-
related not only with the presence, at the interface, of a favorable
reaction product (CuAlO»), but also with lower residual stresses.
By contrast, high residual stresses and growth of the spinel nickel
aluminate in Al,O3/Ni/HAYNES® 214™ joint were previously
found to be damaging to the strength of the interface.>>

3.3.3. Effect of Ni and Cu/Ni/Cu interlayer thicknesses on
mechanical strength

It is well known that joint strength depends on the thick-
ness of the joining layer* which affects the magnitude of
the residual stress (due to the properties of the third mate-
rial). In the case of AlLO3/Ni/HAYNES® 214™ gsystem, the
shear strength increases with increasing Ni interlayer thick-
ness (Table 3). In every case, the fracture propagates into
the ceramic (cohesive fracture). In contrast, in the case of
Aly03/Cuy O—Cu/Ni/Cu/HAYNES® 214™ joints, the decrease
in thickness of Ni interlayer, for constant Cu interlayer, leads
to an increase in the shear strength and the fracture occurred in
Al;O3/Cu—Cu;0 interface (adhesive fracture) (Table 3).

Thus, interfacial failure of both bonds is clearly dependent
on metal layer thickness. The variation within the general range
of strength obtained at each thickness reflects residual stress
effect.* The trend to low strength with thin metal layer derives
from the increasing influence of the corner stress concentration.

The interfacial fracture energies measured for both joints are
summarized in Table 4. As shown previously,* residual stresses
and both fracture energies depend on the thickness of the ceram-
ics or, more accurately, on the ratio R’ between the thickness of
the ceramics and the thickness of the alloy “Ec/Ea”: Ec/Ea< 1
is recommended.*

4. Conclusions

The residual stresses, in dissimilar metal/ceramic bonds, has
been evaluated by measuring residual stresses using of X-ray
diffraction (XRD) and Vickers Indentation Fracture (VIF). In
particular, VIF confirms that changes in the nature of alumina
in the immediate vicinity of the interface occur during bond-
ing processes, which can lead to technological difficulties too
often disregarded, i.e. mechanical properties, but dielectric prop-
erties too. This is confirmed in another paper,* on the same
systems.

The whole map of the residual stress field in the ceramic
is obtained by measuring along scanning lines perpendicular
to the metal-ceramics interface. Maximum tension in ceramics
occurs near the free edge of the interface, where the stresses are
singular. It is this tensile stress developed in ceramics that is the
most important factor inducing the joint failure. This is believed
to be the main cause of the modest shear and bend strength values
obtained for Al,03/Ni/HAYNES® 214™ gystem.

To overcome this problem, ideas concerning the best
configuration of such interlayers differ and include use of
multi-component systems combining graded expansion and/or
ductility e.g. Cu-Ni, Cu—Mo.?” The use of multiple interlayers
such as Cu-Ni—Cu can create even greater reduction in strain
energy by redistributing the stress and plastic strain in a ductile
interlayer Cu next to the ceramic. Our experiments show the
beneficial of Cu—Ni—Cu multilayers to reduce residual stresses
and enhance mechanical behavior of the joint.

In addition, our experiences on joining alumina to HAYNES®
214™ via nickel-copper inserts, can show that it is possible
to reduce both temperature and pressure classically used for
solid state bonding. For the Al,03/Cu; O—Cu/N i/Cu/HAYNES®
214™ gystems, the processing temperature reductions are on the
order of several hundred degrees. The choice of copper presents
the advantage, using the DCB technique, to make the bonding
under a very weak applied load during the process (<1 MPa
unlike 16 MPa for solid state bonding), thanks to the formation
of a transitory liquid film.

Moreover, the Cu—Ni system exhibits complete mutual solid
solution at elevated temperature. Consequently a post-annealing
at 1150 °C should lead to the formation of a uniform Ni-rich
Cu-Ni solid solution in the interlayer region. If the Cu con-
centration in the Ni is below 50 wt. %, this interlayer has a
melting temperature of approximately 1200 °C, producing a
high-temperature ductile interlayer. Thus, this process makes
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it possible to obtain metal-ceramics joints ready to resist at high
temperatures.
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